Citrus tristeza virus (CTV) has been studied intensively at the molecular level. However, knowledge regarding the dynamics of its evolution is practically non-existent. In the past, diverse authors have referred to CTV as a highly variable virus, implying rapid evolution. Others have, in recent times, referred to CTV as an exceptionally slowly evolving virus. In this work, we used the capsid protein (CP) gene to estimate the rate of evolution. This was obtained from a large set of heterochronous CP gene sequences using a Bayesian coalescent approach. The best-fitting evolutionary and population models pointed to an evolutionary rate of 1.58¾10
INTRODUCTION
Members of the species Citrus tristeza virus (CTV) (genus Closterovirus, family Closteroviridae) cause one of the most economically damaging virus diseases in citrus worldwide. Since the first major epidemic of 'tristeza' that occurred in Argentina and Brazil about 80 years ago, huge economic losses have occurred in the most important citrus industries (Moreno et al., 2008) . The virus exists as multiple strains. Some, commonly referred to as mild strains, do not produce noticeable symptoms under field conditions. Others may have a devastating effect on trees grafted on sour orange; these may die after a short period of time, a situation known as the 'quick decline' or tristeza syndrome. Other strains produce the stem-pitting syndrome, characterized by the appearance of elongated pits in the branches of sweet oranges, grapefruit and mandarins, irrespective of the rootstock. Trees affected by this syndrome do not die, but become devalued economically due to low yield. A relationship between the clustering pattern of the capsid protein (CP) gene and symptoms induced has been established (Nolasco et al., 2009) . CTV has a single-stranded, positive-sense RNA molecule of about 19.3 kb encapsidated in flexuous filamentous particles about 2000 nm long (Bar-Joseph et al., 1989) by two capsid proteins, a major 25 kDa (CP) covering about 95 % of the particle length and a minor 27 kDa capsid protein that covers only one extremity (Febres et al., 1996) . This large genome encodes 12 ORFs, potentially encoding at least 19 protein products (Karasev, 2000) . The genome organization and expression mechanisms -reviewed by Dolja et al. (2006) -share similarities with those of the family Coronaviridae, a group of animal viruses.
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For a more in-depth analysis of CTV evolutionary dynamics, we set up a long-lasting experiment in which isolates with characterized CP genes were maintained in a greenhouse and reanalysed later, over a period of 10 years, (i) for recombination events (to be presented in a forthcoming paper) and (ii) to obtain an estimate of the CP gene evolutionary rate. However, when analysed using a Bayesian coalescent framework, the presence of a temporal signal could not be demonstrated for these isolates. To overcome this, we used a set of 107 CP gene sequences from isolates collected worldwide between 1990 and 2010. With this dataset, it was possible to demonstrate the existence of a temporal signal and to estimate the evolutionary rate. The results obtained show that CTV is, to date, the most slowly evolving plant RNA virus.
RESULTS

Inference of evolutionary rates
The evolutionary rate and the time to the most recent common ancestor were estimated using Bayesian coalescent methods from the set of 107 sequences, which gathers the CP gene sequences obtained in this study and sequences retrieved from GenBank (Table 1) , obtained at different moments over 20 years (between 1990 and 2010) .
The best-fitting nucleotide-substitution model set was, according to MEGA5 software, the Kimura two-parameter (K80) model with five classes of gamma rate heterogeneity. Several other models derived from the more general Hasegawa-Kishino-Yano (HK85) model ranked down from the HK85 model with gamma rate heterogeneity in seventh place. Both K80 and HK85 models were implemented in 50 million generation runs in diverse clock, codon partition and demographic model arrangements and ordered according to their Bayes factor (BF) ( Kass & Raftery (1995) , there is very strong evidence (2 ln BF.10) against the models implemented with a single partition or under a strict clock, and strong evidence (10.2 ln BF.6) against the constant-size demographic model. There is positive evidence (6.2 ln BF.2) favouring five instead of four gamma rate classes. However, the best-fitting combination is not significantly different from the next sub-optimal combination, which was implemented with the HK85 instead of the K80 model. The mean rates of both estimates differ by ,2 % and the upper tail of their 95 % HPD interval extends for less than one order of magnitude; the lower tail of the best-fitting combination extends for a little less than one order of magnitude. Although a 3 year incertitude could not be excluded for five of the haplotypes (Table 1) , this did not alter the estimates, as confirmed by repeating the best-fitting Markov chain Monte Carlo (MCMC) runs.
To obtain an estimate free of purifying-selection effects that act upon the CP gene, the evolutionary rate of synonymous substitutions was estimated by the substitution rate of the partition constituting the third codon. The ratio of each partition's evolutionary rate to the joint evolutionary rate is given by the m parameter in the BEAST ).
Assessment of temporal signal
The validity of the above results holds only if it can be proved that the evolutionary rates found result from temporal signal contained in the dataset and are not a result of random nucleotide changes due to the methodological approach. To assess this issue, the evolutionary rate of the real dataset was compared with the rates obtained from datasets where each sequence sampling date was shuffled randomly with the dates from the other sequences, as described by Ramsden et al. (2009) and Duffy & Holmes (2009) . Five randomized datasets were constructed. To verify that any randomized dataset would not cause artefacts due to a particular combination of the reshuffled tip dates, the mean difference between the real and reshuffled tip dates was computed. The values obtained were very similar, respectively 5.5, 5.1, 6.0, 5.7 and 5.9 years for randomized datasets 1-5, indicating a similar degree of mixing. These evolutionary rates were estimated using the same conditions as for the best-fitting model. Loss of temporal structure in the randomized datasets is confirmed by an increased extension of the lower tail, with values of the 95 % LPD ranging from 2.3610 27 downward to 8.0610
29 nt per site year 21 (Fig. 1) . Evidence for temporal structure in the real dataset should appear as a significant difference between the mean rates of the real and randomized datasets. Although there is a partial superposition of the lower tails of the 95 % HPD intervals, the mean rate of the real data (1.58610 24 nt per site year 21 ) is outside the upper limit of the 95 % HPD of the randomized datasets, respectively 1.38, 1.35, 1.46, 1.36 and 0.84610 24 nt per site year
21
. This result is considered significant for the existence of temporal structure according to Pagán et al. (2010) .
Phylogenetic reconstruction
A maximum clade credibility tree (each node having the highest probability of occurrence among all of the trees) was constructed for the best-fitting model (Fig. 2) . The major characteristics of the topology obtained are the same as presented previously (Nolasco et al., 2009) , where seven phylogenetic groups are well-defined, with posterior probabilities of 1. Two major branches separate at the root, leading to groups 1, 2 and M and groups 3a, 3b, 4 and 5.
Most of the diversification occurring within the terminal groups probably started in the last 100-300 years, except for groups 1 and M, whose individualization appears more recent.
DISCUSSION Temporal structure present in the dataset
Diverse causes can contribute to the loss of temporal signal in the dataset. As stated in the Introduction, the preliminary results (not shown) obtained directly from greenhouse-maintained isolates did not show enough temporal structure. This may have occurred due to the limited number of isolates, short time span (10 years) and/ or artificial conditions of selection of virus variants. Other causes for disappearance of the temporal signal may include the use of inappropriate priors (Duffy & Holmes, 2009) or unnoticed recombination events (Lefeuvre et al., 2011) . Additionally, masking of the temporal signal may also result from random misincorporated nucleotides during reverse transcription, PCR or sequencing. These factors may be very difficult to control if sequences have been obtained in different conditions or laboratories and gathered from GenBank, as for a large part of the dataset analysed in this work. This may be crucial if the sequences were collected over a short time span and the evolutionary rate is low, as discussed by Firth et al. (2010) . Instead of trying to evaluate the effect of each factor individually, we globally assessed the existence of temporal structure in the dataset by comparing the results obtained with those from randomized datasets in which the temporal signal is inexistent, as suggested by Ramsden et al. (2009) and Duffy & Holmes (2009) . As stated in the Results, significant evidence of temporal structure was found, according to the criteria advanced by Pagán et al. (2010) .
Estimates of CTV evolutionary rate
Previously published studies have shown that haplotypes composing CTV isolates known to be geographically separated for several decades had minimal nucleotide changes. Those conclusions had been obtained from casual comparison among group M haplotypes (Albiach-Martí et al., 2000) or group 5 haplotypes (Lbida et al., 2004) . In the present study, a preliminary attempt to estimate directly the evolutionary rate in greenhouse-maintained isolates failed due to the lack of temporal structure (results not shown). Besides the reasons discussed above, the lack of temporal signal may reside in the limitations of this kind of experiment: small number of varying sites, absence of bottlenecks associated with aphid transmission (Nolasco et al., 2008) and/or short period for the purifying selection to have time to eliminate lethal mutations. Weng et al. (2010) took another direct approach by sequencing the progeny of an infectious clone that was sampled 1-6 years later. However, the values found, 4610
25
-8610 25 nt per site year 21 , appear to be too small for such a short period of sampling and these authors investigated the existence of temporal structure in their dataset.
To overcome the limitations of the direct estimation, a Bayesian coalescent approach based on heterochronous data was taken. For this, dated sequences retrieved from GenBank or from previous work were used, covering an interval of about 20 years.
The coalescent methods used assume a panmitic population free of recombination and selection. Besides absence of recombination in the dataset, which was verified previously, several studies (e.g. Nolasco et al., 2009 ) support the notion that CTV, at least in the period sampled in this study, behaves as a panmitic population at the worldwide level. Existence of selection was investigated through FEL software implemented in the DataMonkey server (http://www. datamonkey.org). At the 0.05 significance level, out of 210 codons analysed, two codons were detected to be under positive selection and 45 were under negative selection. Although this constitutes a violation of the assumption of neutral selection, it is usually considered that the Bayesian MCMC analysis is sufficiently robust to withstand violations of neutrality; examples of successful analyses conducted in genes subjected to selection pressures are common (Duffy & Holmes, 2008; Simmons et al., 2008; Wu et al., 2011) .
As seen in Table 2 , strong evidence favouring two partitions, a relaxed molecular clock and a Bayesian skyline demographic model was obtained against one partition: the strict clock and constant-size population. The effect of the substitution model, K80 or HK85, was small. The mean evolutionary rate estimated under the best-fitting model (K80) was 1.58610 24 nt per site year
21
. The upper and lower 95 % HPD tails extended for less than one order of magnitude in each direction, which can be considered a narrow distribution (Firth et al., 2010) . In comparison with the previous direct estimate obtained from the progeny of the infectious clone, the value obtained in the present work cannot be considered significantly different, as the lower tail of the 95 % HPD completely overlaps the interval of that estimate. It is, however, smaller than values of short-term rates obtained for other plant viruses (reviewed by Gibbs et al., 2010). 
Comparison with evolutionary rates of other RNA viruses
It is known that the capsid proteins of vector-borne plant viruses are subjected to a strong purifying selection (Chare & Holmes, 2004) , a fact that has also been reported for CTV (Rubio et al., 2001) . For an unbiased comparison with the evolutionary rates of other RNA viruses, independent of constraints that might act at the protein level, Jenkins et al. (2002) and Hanada et al. (2004) considered the evolutionary rates of synonymous substitutions. The synonymous evolutionary rate for CTV was, in the present work, estimated to be 2.94610 24 nt per site year
21
. Considering the data for animal viruses (Hanada et al., 2004; Jenkins et al., 2002) and the sole plant virus for which this rate was estimated under similar assumptions (rice yellow mottle virus; Fargette et al., 2008) and eliminating those cases where this rate was not significantly different from zero (Jenkins et al., 2002) or where new estimates changed the previous ones significantly (Ramsden et al., 2008) , a series of 88 synonymous evolutionary rates was gathered, ranging from 5.2610 26 to 6.2610 22 nt per site year
. In this series, CTV ranks in the 10th percentile (ranging from 9th to 11th percentile if the 95 % HPD interval is considered) counted from the most slowly evolving viruses, embedded among the slow animal RNA viruses, whereas the sole plant virus for which there is comparable data, rice yellow mottle virus (Fargette et al., 2008) , ranks in the 32nd percentile. Thus, although having a low evolutionary rate, CTV is not an exception when compared with RNA viruses, in contrast to what was suggested by Weng et al. (2010) .
Possible mechanisms underlying the low evolutionary rate
A weak negative correlation has been found between RNA virus genome size and evolutionary rate (Jenkins et al., 2002) or mutation rate (Sanjuán et al., 2010) . As such, the low evolutionary rate found in this work would not be surprising, considering that CTV has a 19.3 kb genome, which is the largest single RNA genome molecule besides those of members of the families Coronaviridae and Roniviridae, which range from 26 to 32 kb. Interestingly, the coronaviruses encode a 39-59 exoribonuclease (Minskaia et al., 2006) that provides a proofreading activity in genome replication (Eckerle et al., 2010) . According to Gorbalenya et al. (2006) , this would compensate for the increased probability of incorporating errors due to the large genome size. Homologues of this exoribonuclease are also present in members of the family Roniviridae . Although the closteroviruses share diverse particular aspects of genome organization and replication with the coronaviruses (Dolja et al., 2006), none of the conserved motifs characteristic of this family of exonucleases, referred to by Eckerle et al. (2010) , could be predicted from the translation of the CTV genome (results not shown). This suggests that the errors expected to occur during replication in view of the large size of the genome of CTV shall be compensated in some other way. Referring to animal viruses, Drake & Holland (1999) considered that differences in the replication frequency should be the main source of variation of the synonymous evolutionary rate. French & Stenger (2003) , while reviewing some arguments that had been advanced by Luria (1951) , proposed that, for plant viruses, for which a proofreading activity has not been found, the best replicating strategy would be a slow, linear replication (the minus strand being used as the template for most progeny strands), also known as the stamp-machine model. In CTV, the ratio between genomic plus and minus strands has been estimated to lie between 10 : 1 and 50 : 1 (Navas-Castillo et al., 1997; Satyanarayana et al., 2002) 3-4 days after infection. These values are more likely to occur if the replication is, at that stage, linear instead of exponential [in that case, the ratio should approach 1 : 1 -see for instance Baltimore et al. (1966) ]. Interestingly, the ratio of plus to minus strands is controlled by p23 (Satyanarayana et al., 2002) , an early protein in CTV infection (Navas-Castillo et al., 1997), which is also implicated in the intracellular suppression of posttranscriptional gene silencing (Lu et al., 2004) . By reducing the relative amount of the minus strand, p23 impedes the virus from replicating in an exponential fashion, thus contributing to minimizing the replication errors.
Other factors may also operate at the host level, contributing to maintaining a slow rate. The virus restriction to access phloem tissues results in a lighter viral load that contributes to a lower effective population size. Additionally, the impaired ability to move from cell to cell limits the virus's colonizing ability to systemic movement (Folimonova et al., 2008) , which is known in diverse virus systems to originate strong genetic bottlenecks (Li & Roossinck, 2004; Sacristán et al., 2003) . Other kinds of mechanism may also be operating. Work developed on Borna disease virus (Formella et al., 2000) showed that superinfection of cells by closely related variants leads to the elimination of the incoming variant, contributing to maintaining the virus's stability. Folimonova et al. (2010) have shown recently that superinfection exclusion was also working in citrus infection by CTV and proposed that this mechanism could shape CTV evolution by eliminating closely related variants that arise from replication errors.
Taken together, these data suggest that the low evolutionary rate of CTV is maintained through mechanisms that operate at diverse levels, which are not different from what has been found in other RNA viruses.
CTV evolution and the citriculture history
CTV is restricted to citrus, as well as to some other species from the family Rutaceae, and it is generally accepted that the virus co-evolved with the host species in South-East Asia (Bar-Joseph et al., 1989) . It has also been accepted that, in the past, citrus was propagated solely through seed; CTV that is not seed-transmissible would have relied singly on aphids for transmission before the onset of modern citriculture (Moreno et al., 2008) . It is, however, hard to understand how long-distance dissemination (across SouthEast Asia) could have occurred in ancient times based only on aphids, which are essentially local spreading agents. On the other hand, a report from 1936 on citriculture in South China (Condit et al., 1936) indicates that seed propagation was reserved only for some kinds of citrus; air layering was used extensively to obtain rootstocks, and inarching has been used for citrus propagation for many centuries. It is thus conceivable that, before trade relationships were established with Europe, CTV might have been disseminated across South-East Asia and along the shores and islands of the Indian Ocean through vegetative-propagation materials. Establishing maritime trade routes between Europe and eastern Africa and Asia quickly led to the entrance of sweet oranges and other new kinds of citrus in Europe, about 400-500 years ago. This was quickly followed by citrus dissemination in the Americas. Lack of adequate citruscultivation practices, such as the ones used in China at that time (Webber et al., 1967) , or long-lasting overseas travels may have promoted the use of seeds as the prevailing propagation material, resulting in a delay of CTV entrance in the Mediterranean and probably in the Americas and Australia until the mid-19th century. During this period, a major separation had already occurred (95 % HPD, 122-1450years) between the two branches that led to groups 3a, 3b, 4 and 5 and to groups 1, 2 and M. Probably an even higher degree of speciation had already taken place before, as there is evidence that group M variants already existed as a group 100 years ago (Albiach-Martí et al., 2000) and group 5 existed 80 years ago (Lbida et al., 2004) . Indirect evidence for higher speciation comes also from the generalized introduction of sour orange (Citrus aurantium) as rootstock in the second half of the 19th century as a consequence of phytophthora root rot (Webber et al., 1967) . At least isolates from groups 3a and 1 originate a quick decline followed by death of trees grafted on this rootstock and it is hard to conceive how these groups could have undergone their speciation after the introduction of sour orange. On the other hand, before the introduction of sour orange, the symptomatology induced by all CTV groups would appear essentially as mild in the frame of a non-sophisticated citriculture, thus not acting as a negative-selection factor by farmers. The use of grafting for citrus propagation started in the first half of the 19th century (Webber et al., 1967) and became the definitive method for citrus propagation by the second half of the 19th century. Long-distance transport of vegetative materials for citrus propagation accompanied this tendency, resulting in the worldwide dissemination of CTV. Accepting that worldwide dissemination has occurred after major clade separation, coupled to the low evolutionary rate, may explain why the CTV population is panmitic nowadays.
It is interesting that branch separation at the root level occurs between a clade that comprises strains that cause, to diverse degrees, stem pitting in sweet orange, grapefruit and mandarins, i.e. groups 4, 5, 3a and 3b, grossly corresponding, in the grouping scheme defined by Hilf et al. (2005) , to the VT and T3 groups; and a clade comprising strains that do not cause symptoms in these hosts (if not grafted on sour orange), i.e. groups 1, 2 and M, corresponding to the T30 and T36 groups, in the terminology of Hilf et al. (2005) . However, the reasons for this are not clear.
Overall, the present study demonstrates that CTV lineages maintain a high genetic stability over time. These results enable the development of long-term control measures.
METHODS
Virus isolates. CTV isolates from different geographical origins and with different biological characteristics were gathered from field surveys or brought to the laboratory by participants in ring tests in previous studies. The infected material was frozen prior to molecular analysis.
Amplification and characterization of the CP gene. RNA from infected tissue was extracted using an RNeasy Plant Mini kit (Qiagen). cDNA synthesis was done using random primers. Briefly, 5 ml total RNA was mixed with 1 ml random primers [0.5 mg ml 21 , random p(dN) 6 ; Roche], denatured for 5 min at 95 uC and transferred quickly to ice. Reverse transcription was done for 1 h at 39 uC using SuperScript III reverse transcriptase (Invitrogen).
The entire CP gene was amplified from the cDNA with primers CTV1 and CTV10, described by Sequeira & Nolasco (2002) . The PCR products were TA-cloned into the pGEM-T Easy vector (Promega) or into the pCRII vector (Invitrogen) according to the manufacturers' instructions. Several of the white colonies were picked and checked by PCR with primers CTV1 and CTV10 for the presence of the CP gene. PCR products that produced a single band of the right size were characterized further by single-strand conformation polymorphism (SSCP). Haplotypes that produced different SSCP patterns were selected and sequenced by Macrogen (Korea). Haplotypes isolated before 2000 may have been obtained by slightly different methods. In that case, sequences were obtained by classical radioactive labelling followed by electrophoresis and autoradiography.
Sequence analysis. Chromatograms were assembled with the help of a CTV CP reference sequence using the TraceEditPro (Ridom GmbH) software. For the greenhouse-maintained isolates, as well as for the CP gene sequences retrieved from GenBank, the first and final 21 nt (primer regions) were removed and the sequences were aligned. The search for recombination evidence amongst sequences was done using the RDP3 software package (Martin et al., 2010) . Recombinant sequences were excluded from the dataset.
Phylogenetic reconstruction using Bayesian MCMC. For this study were used: (i) the CP gene sequences obtained, together with (ii) CP gene sequences retrieved from GenBank and (iii) other CP gene sequences obtained from previous work in the laboratory. Only sequences for which the collection year was known were considered. Overall, 107 CP gene sequences of diverse worldwide haplotypes (Table 1) belonging to different phylogenetic groups and collected between 1990 and 2010 were gathered. The search for the best-fitting nucleotide-substitution model was done with the help of the Bayesian information criterion implemented in the MEGA5 software (Tamura et al., 2011) . Phylogenetic reconstruction was done using a Bayesian MCMC approach implemented in the BEAST package (Drummond & Rambaut, 2007) . A uniform distribution ranging from 10 29 to 10 22 was used as a reduced-information prior for the mean evolution rate; it was considered that this range was large enough to encompass the evolutionary rates of most viruses, and that it could accommodate the lower tail expansion in the eventuality of the absence of temporal signal. Constant-size and Bayesian skyline (Drummond et al., 2005) demographical models were combined with a strict or a relaxed molecular clock. In the latter case, the evolutionary rates among branches were uncorrelated and the rate in each branch was drawn independently from a lognormal distribution (Drummond et al., 2006) . The sequence dataset was analysed either as a single partition or as two partitions defined by the nucleotide positions in each codon (first plus second, and third nucleotide positions). The evolutionary rate of the third nucleotide position was used as the synonymous-substitution rate (Fargette et al., 2008) . The ratio of each partition's evolutionary rate to the joint evolutionary rate was given by the m parameter in the BEAST software. The fitting of the diverse models considered to the dataset was compared through the BF (Suchard et al., 2001) , categorized according to Kass & Raftery (1995) . The MCMC for each analysis was run for at least 50 million generations with sampling every 5000 generations, until the effective sampling size (ESS), after 10 % burn-in, reached a value .100; in some cases (see Results), the length of the chain was extended to 100 million generations by combining two 50 million generation runs in order to get a final ESS .200. To assess whether the dataset used contained temporal structure, five datasets were constructed, maintaining the sequences but randomizing the tip dates. These were analysed in BEAST using the same conditions as for the bestfitting model for the real data (Duffy & Holmes, 2009; Ramsden et al., 2009) . Evidence for time-structured data was considered significant if the mean evolutionary rate of the real dataset was outside the 95 % HPD interval of the randomized dataset's evolutionary rates (Duffy & Holmes, 2009 ).
